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In Brief Sethi et al. show that molecular pathways signaling population density (CaMKI/ CBP) and reproductive maturity (juvenile hormone) are integrated in male Or47b ORNs to modulate pheromone detection and thereby regulate courtship in Drosophila. Such integration allows coordination of mating behavior with both social context and internal hormonal state.
INTRODUCTION
Flexibility of social behavior in changing environments and physiological states is critical to reproductive success and evolutionary fitness. Recent studies advanced our understanding of how individual contextual inputs-such as mating status [1] , hormonal state [2] , population density [3] [4] [5] , and prior experience [6] -modulate the display of social behaviors. The influence of environmental cues on social behavior is highly dependent on the physiological state of the animal. However, the cellular and molecular mechanisms that underlie the integration of extrinsic and intrinsic inputs remain poorly understood.
Changes in social environment, such as fluctuations in population density, have a profound impact on mating and aggression behaviors in group-living animals [7] . Recent studies identified key neural circuits and molecules involved in the modulation of aggression by social isolation [3] [4] [5] 8] . Social context is also known to influence many aspects of male courtship in Drosophila [9] [10] [11] [12] [13] [14] [15] . For example, prior exposure to other male flies modulates the courtship display and enhances the duration of copulation [11] [12] [13] [14] . These adaptations allow male flies to adjust their courtship intensity in accordance with rival competition and reproductive opportunity.
To address how external social cues are integrated with internal state, we focused on the courtship-promoting Or47b olfactory receptor neurons (ORNs) to investigate the effects of age and housing condition on reproductive behavior in male Drosophila. ORNs are often required for the contextual modulation of social behaviors [6, 8, 16] , and several lines of evidence suggest that age-dependent plasticity in Or47b ORNs underlies contextual modulation of courtship behavior [17, 18] . Among the $50 ORN types in the adult olfactory system, Or47b neurons exhibit uncommon anatomical and physiological plasticity [17] [18] [19] . Anatomically, the glomerulus innervated by Or47b ORNs increases in size with age [17] . Physiologically, male Or47b ORN responses also increase in an age-dependent manner, leading to higher pheromone sensitivity in older individuals at their fertility peak [18] . This increase in Or47b response is mediated by juvenile hormone, a pleiotropic hormone that also regulates the reproductive maturity in adult Drosophila [18, 20] . Notably, such plasticity occurs only in males but not females [18, 21] and likely arises from the expression of Fru M , a male-specific isoform of the fruitless transcription factor required for many aspects of male courtship behavior [21, 22] . Finally, because Or47b ORNs respond to fly pheromones [18, 23] , their neural activity level may encode population density. Therefore, it is possible that Or47b ORN is a neural substrate that integrates social context and reproductive maturity to regulate pheromone detection and courtship behavior.
In this study, we find that group housing elevates Or47b pheromone responses in mature males but not in females or young males. Remarkably, the effect of group housing can be mimicked by raising single-housed males in the presence of palmitoleic acid (PA), a pheromone ligand for Or47b ORNs. Mechanistically, group housing increases intracellular Ca 2+ levels in Or47b neurons to activate Ca 2+ /calmodulin-dependent protein kinase I (CaMKI) and CREB binding protein (dCBP), creating a permissive intracellular environment that enhances the efficacy of juvenile hormone. Furthermore, we find that Fru M expression levels determine Or47b response and are regulated by juvenile hormone signaling. Our study describes a molecular mechanism by which internal state (age/sexual maturity) and social context (population density) synergistically regulate the expression of the male-specific transcription factor Fru M . This mechanism allows male flies to adjust their sensitivity to aphrodisiac pheromones in accordance with their reproductive maturity and social environment.
RESULTS

Group Housing Enhances Pheromone Response of Or47b Neurons in Mature Males
We first investigated the effect of housing density on Or47b response. Flies were raised for 7 days either in same-sex groups of 15 (group housing) or in isolation (single housing). We measured odor-evoked spike responses of individual Or47b ORNs to PA, an aphrodisiac pheromone that stimulates male courtship [18] . We found that group housing increased the pheromone sensitivity of Or47b ORNs in males but not females (Figures 1A and 1B; Figure S1 ). By varying the group size from 5 to 25 in increments of 5, we found that a minimum group size of 10 was required to induce a higher response in males when compared to single-housed males (Figures 1C and 1D; Figure S2A ). In contrast, none of the examined housing conditions altered Or47b responses in females (Figures 1C and 1D; Figure S2A ). In addition to Or47b ORNs, we examined Or67d and Or88a ORNs that also respond to fly pheromones [24] . Responses of Or67d and Or88a neurons did not increase under similar housing conditions ( Figure S3 ), suggesting that Or47b neurons are unique among pheromone-sensing ORNs in their adaptive responses to housing density.
We next investigated the effect of group housing on males of different ages. Adult males were raised in groups of 15 or in isolation from eclosion up to 10 days of age. In males aged 5-10 days but not younger, we observed that group housing increased their Or47b responses when compared to single-housed controls ( Figures 1E and 1F ). This result is consistent with our previous study indicating that Or47b responses are higher in males at the age of 7 days compared to those at 2 days [18] . In Drosophila melanogaster males, the peak of both courtship activity and fertility is reached around 7 days post-eclosion [25, 26] , an age we therefore refer to as mature.
Does group-housing-induced sensitization of Or47b neurons translate into a higher mating drive? Using an established behavioral assay that measures the differential courtship motivation between two males ( Figure 1G [18]), we found that group-housed males had a higher copulation rate than single-housed males at the age of 7 days but not 2 days ( Figure 1H ), consistent with the observation that group-housing-induced Or47b sensitization occurred in 7-day but not 2-day-old males ( Figure 1F ; Figure S2B). These results suggest that the effect of group housing on courtship in males is mediated by changes in Or47b pheromone responses. Indeed, we found that group housing did not affect the copulation rate of Or47b mutant males at either age ( Figure 1H ).
This age-dependent disparity in group-housing effect can in principle arise from differences in the duration of social experience or in the age of flies when group housing takes place. To distinguish between these two possibilities, we first investigated the impact of different group-housing durations. Flies that were group housed for 7 days had higher Or47b responses when compared to flies group housed for only 1 day, but not for 2 or more days ( Figure S2C ). This result demonstrates that group housing for 2 days is sufficient to enhance Or47b response.
Next, to determine the importance of age when social encounter commences, we group housed males of different ages for a fixed duration of 2 days. We found that 2 days of group housing was sufficient to enhance Or47b responses in 4-, 6-, and 8-day-old males but not in 2-day-old males ( Figure 1I ). This observation argues for a minimum age at which group housing can sensitize Or47b ORNs. Collectively, these results show that male Or47b ORNs can integrate age and population density information to adapt their pheromone responses. Specifically, group housing enhances Or47b pheromone responses in mature males, allowing for an age-dependent modulation of courtship behavior by prior exposure to other flies.
The Group-Housing Effect Can Be Mimicked by Chronic Exposure to an Or47b Ligand What is the input signal that leads to the adaptive Or47b responses to group housing? Given that Or47b is a pheromone receptor, group-housed flies are likely exposed to higher levels of Or47b ligands such as PA than single-housed flies. We therefore hypothesized that the group-housing effect is mediated by chronic exposure to Or47b ligands, which trigger activity-dependent plasticity in Or47b ORNs. In support of our hypothesis, single-housed males raised in vials perfumed with PA had higher Or47b responses compared to control males (Figures 2A and  2B ). Furthermore, the effect of PA exposure is age dependent and observed in 7-day but not 2-day-old males ( Figures 2C  and 2D ). This result suggests that in mature males PA-evoked activity initiates a positive feedback mechanism that enhances Or47b pheromone sensitivity.
Next, we determined whether chronic exposure to PA is sufficient to enhance courtship behavior in single-housed males. In courtship competition assays using wild-type males, we found that flies exposed to PA had a higher copulation rate than control males ( Figure 2E ). In contrast, chronic PA exposure did not alter the copulation rate of Or47b mutants ( Figure 2E ), suggesting that Or47b sensitization is required for the courtship enhancement. As with group housing, we found that the effect of PA exposure was sexually dimorphic; raising single-housed females in PAperfumed vials did not result in enhanced Or47b responses (Figure S4A) . Notably, female and male flies carry similar amounts of PA and other Or47b ligands [18, 23] , suggesting that the dimorphic Or47b plasticity is likely mediated by the genetic differences between the two sexes instead of differing PA levels in the Table S1. environment. In summary, these results indicate that heightened levels of Or47b ligands in group-housing conditions are sufficient to sensitize Or47b ORNs in mature males.
CaMKI and dCBP Are Both Required for the Group-Housing Effect
We next determined the molecular mechanisms that underlie the sensitization of Or47b ORNs. Given that calcium signaling is typically required for activity-dependent neuronal plasticity [27] , we first asked whether group-housed males have higher baseline calcium levels in their Or47b neurons. Using CaLexA, a transcriptional reporter of intracellular Ca 2+ [28] , we observed that group housing enhanced Or47b neuronal calcium levels in 7-day but not 2-day males ( Figure 3A ). To determine the subsequent signaling events following rising intracellular Ca 2+ , we first focused on Ca 2+ /calmodulin-dependent protein kinases (CaMKs), which have known functions in mediating activitydependent gene expression [27, 29] . In particular, CaM kinase signaling has been implicated in regulating gene expression downstream of the Or47b receptor [30] . We found that a lossof-function mutation in CaMKI reduced Or47b ORN responses in 7-day, group-housed males ( Figure 3B) . Similarly, RNAi-mediated knockdown of CaMKI in Or47b neurons lowered the pheromone response of group-housed males to that of single-housed males ( Figure 3C ). Moreover, CaMKI knockdown precluded the effect of chronic PA exposure ( Figure S4B ). In comparison, CaMKII knockdown did not have any effect on Or47b response in 7-day group-housed males ( Figure S4C ). These data collectively suggest that group housing elevates Or47b pheromone response by means of activity-dependent CaMKI signaling.
To identify the signaling molecules downstream of CaMKI, we examined Drosophila CREB binding protein (dCBP, also known as nejire). CBP is a lysine acetyltransferase that functions as a transcriptional co-activator in a variety of physiological processes [31] . In addition, CBPs can directly acetylate histones and participate in chromatin remodeling, thereby regulating gene expression [32] . The vertebrate homolog of Drosophila CaMKI is known to phosphorylate and activate CBP, which in turn initiates transcription in response to neuronal activity [33] . Furthermore, dCBP is also involved in regulating gene expression downstream of the Or47b receptor [30] . We found that RNAi-mediated knockdown of dCBP in the Or47b neurons of group-housed males reduced their responses to a level similar to that of single-housed males ( Figure 3D ). Moreover, in courtship competition assays, dCBP knockdown eliminated the difference in the copulation rate between group-and singlehoused males ( Figure 3E ). Together, these data support a model in which group housing enhances courtship behavior (C and D) Effect of chronic exposure to 0-10 mg PA on Or47b ORN responses in 7-and 2-day single-housed males. Flies were exposed to varying amounts of PA from eclosion until the time of experiment. n = 18 flies for each condition. (E) Courtship competition assay between two males: _1, exposed to 1 mg PA for 5 days; _2, exposed to solvent alone. Both males in the assay were either WT or Or47b mutants. The copulation percentages of males exposed to PA (_1) are shown. Bars indicate mean the copulation percentage. Dots represent results from individual experiments. n = 6 experiments per condition, 12$20 matches per experiment. Comparison between WT and Or47b mutant males was made using two-tailed unpaired t test and significant difference is indicated as different letters (p < 0.05). A chi-square test was used to determine whether the copulation percentage was different from chance, and p values are indicated below. (legend continued on next page) by activating a CaMKI-dCBP signaling pathway in male Or47b ORNs ( Figure 3F ).
Juvenile Hormone Signaling Is Required for the Effect of Group Housing on Or47b ORNs
Why is the group-housing effect observed only in mature males but not in younger, 2-day-old males? Given that Or47b ORNs adapt their responses to changes in housing density in an agedependent manner (Figure 1 ), we hypothesize that the signaling events initiated by the two conditions interact to modulate Or47b responses. Age-dependent sensitization in Or47b ORNs is mediated by juvenile hormone [18] , a pleiotropic hormone that also regulates reproductive maturity in adult flies [20] . For adult males, juvenile hormone levels are low at eclosion, increase with age, and return to baseline at 10 days [34] . To determine whether juvenile hormone signaling is required for activitydependent Or47b plasticity, we knocked down the juvenile hormone receptor Methoprene-tolerant (Met) [35] in Or47b ORNs. This manipulation abolished the effect of chronic PA exposure ( Figure 4A ), suggesting that juvenile hormone signaling is also required for the effect of group housing. If a low level of juvenile hormone in immature males renders them insensitive to group housing, then treating 2-day-old males with methoprene, a juvenile hormone analog (JHA), should augment their Or47b ORN responses by group housing. In support of this hypothesis, treating 2-day-old males with 2.5 mg JHA increased their Or47b responses following chronic PA exposure ( Figure 4B) . These results suggest that the two molecular pathways-one signaling population density and the other fly age-are both required for the activity-dependent Or47b neuronal plasticity.
Group Housing Enhances the Efficacy of Juvenile Hormone Signaling
What then is the nature of interaction between these two signaling pathways? Do they operate in synergy? Can strong activation of one pathway compensate for the low signaling level of the other? To address these questions, we first investigated the efficacy of hormonal signaling in 2-day-old males by systematically manipulating JHA dosage and housing conditions. We found that JHA treatment was more effective in enhancing Or47b ORN responses in group-housed males, when compared to their single-housed counterparts ( Figure 4C ). These results indicate that the two signaling pathways functionally interact in a synergistic manner. Surprisingly, a higher dosage (25 mg) of JHA was able to enhance Or47b responses even in singlehoused males ( Figure 4C ), suggesting that a high level of hormonal signaling can compensate for low levels of neuronal activity. In addition, chronically exposing single-housed males to PA enhanced the efficacy of JHA in the sensitization of Or47b ORNs ( Figure 4D ). Given that dCBP is required for the group-housing effect ( Figures 3D and 3E ), its absence should reduce the efficacy of juvenile hormone signaling. As expected, RNAi-mediated knockdown of dCBP in Or47b ORNs reduced the effect of JHA treatment in group-housed males ( Figure 4E) . These results suggest that in Or47b ORNs, the crosstalk between dCBP and juvenile hormone signaling is central to the integration of housing density and fly age.
To further determine the relative contribution of neuronal activity and juvenile hormone signaling, we systematically varied the strength of these two inputs in single-housed young flies (Figure 4F) . We raised 2-day-old males in vials containing varying amounts of PA (0-10 mg) and JHA (0-25 mg). In the absence of JHA treatment, increasing PA levels did not alter Or47b response ( Figure 4F ), indicating that neuronal activity, and by extension dCBP activation, is not sufficient to enhance Or47b response. In contrast, a high dose of JHA treatment was sufficient to sensitize Or47b pheromone response in the absence of exogenous PA exposure ( Figure 4F) . Notably, treatment with 2.5 mg JHA enhanced odor responses of flies raised in PA-perfumed vials (0.1-10 mg), while either treatment alone did not affect Or47b responses ( Figure 4F ). This result further argues for a synergistic interaction between juvenile hormone signaling and neuronal activity, while the compensation of low Or47b activity by 25mg JHA (Figure 4D ) highlights an asymmetry between these two pathways.
Thus far, our findings show that (1) a juvenile hormone receptor is required for the effect of chronic PA exposure ( Figure 4A ), (2) group housing alone is not sufficient to enhance Or47b response in immature males ( Figure 4F ), and (3) dCBP is required for group housing to enhance the efficacy of juvenile hormone ( Figure 4E ). Based on these results, we propose a model whereby dCBP activation by group housing plays a permissive role in Or47b ORNs, giving rise to an intracellular environment that facilitates juvenile hormone signaling ( Figure 4G ). As such, when juvenile hormone signaling is abolished or at a low level, as in the case of Met knockdown or in 2-day-old males, dCBP activation alone is not sufficient to regulate Or47b pheromone responses.
Fru M Expression Levels Determine Or47b Response
A striking feature of the adaptive Or47b pheromone response is its sexual dimorphism: housing density and age only affect the Or47b ORNs of males but not females ( [18] ; Figures 1C and  1D) . What then could be the molecular basis of this sex difference? Given that Fru M is expressed in Or47b ORNs ( [21] ; Figure 5A ), it likely plays a role in regulating the male-specific adaptive responses. To test this hypothesis, we first feminized Or47b neurons by ectopically expressing the female splicing factor Transformer (Tra F ) and found that this manipulation suppressed odor response in group-housed mature males (Figure 5B ). In addition, we observed a dosage effect of Fru M expression on Or47b responses; the evoked spike frequency was the lowest in Fru M homozygous mutants (fru F /fru F ), followed by heterozygous mutants (fru F /+) and then wild-type controls (all 7-day-old, group-housed males, Figure 5C ). This haploinsufficiency raises the possibility that Fru M expression level in Or47b ORNs is a limiting factor in regulating the pheromone sensitivity in a cell-autonomous manner.
The observation that heterozygous mutant males have an intermediate phenotype led us to hypothesize that group housing upregulates Fru M expression, which in turn gives rise to the elevated pheromone responses in Or47b neurons. This hypothesis is also supported by the observation that Fru M expression in Or47b ORNs is reduced in Or47b receptor mutant flies, suggesting that neuronal activity is required for sustaining Fru M expression in adult Or47b neurons [30] . To test this hypothesis, we devised a genetic approach to manipulate Fru M expression levels in Or47b ORNs. Fru M knockdown reduced Or47b responses in group-housed but not singlehoused males ( Figure 5D ). If Fru M is a limiting factor that regulates Or47b response plasticity, overexpression of Fru M in single-housed males should then enhance their pheromone responses. To overexpress Fru M , we used Or47b-GAL4 to drive the expression of dCas9-VPR, a genetically engineered molecule capable of recruiting transcriptional activation machinery. Two single-guide RNAs (sgRNAs) were ubiquitously expressed to target dCas9-VPR upstream of the P1 promotor of the fruitless gene, allowing for overexpression of Fru M only in Or47b ORNs ( [36] , Figure S5A ). Indeed, dCas9mediated overexpression of Fru M was sufficient to enhance Or47b response in single-housed males regardless of their age ( Figure 5E ; Figure S5B ). As an alternative approach, we generated a knockin UAS transgenic line ( Figure S5C ) to overexpress Fru M in Or47b ORNs from its endogenous locus and found that this manipulation yielded a similar outcome ( Figure S5D ). Together, these results indicate that pheromone sensitivity in adult Or47b ORNs is determined by Fru M expression levels. Thus, Fru M appears to have a post-developmental function in fine-tuning neuronal physiology.
dCBP and Juvenile Hormone Signaling Require Fru M to Elevate Pheromone Responses
Having determined the relationship between Fru M expression level and Or47b pheromone sensitivity, we next asked whether Fru M operates downstream of dCBP (group housing/neuronal activity) and juvenile hormone signaling (age). This hypothesis is supported by multiple lines of evidence. First, juvenile hormone signaling can enhance Fru M expression in adult male neurons [37] . In addition, the effect of group housing on Or47b response requires CaMKI-dCBP (Figure 3) , a signaling pathway that also modulates Fru M expression in Or47b neurons [30] . Furthermore, dCBP can directly bind upstream of the fru-P1 promoter in adult males ( [38] , modEncode).
To test whether Fru M expression is required for the effect of JHA treatment, we feminized Or47b ORNs by ectopically expressing Tra F , and found that this manipulation abolished JHA-induced sensitization (2-day-old, group-housed males, Figure 6A ), Conversely, overexpression of Fru M abolished the reduction in Or47b pheromone response caused by Met knockdown (7-day-old, group-housed males, Figure 6B ). Likewise, the response reduction caused by dCBP knockdown was also abolished by Fru M overexpression (7-day-old, group-housed males, Figure S6A ). Thus, Fru M operates downstream of juvenile hormone and dCBP signaling.
Furthermore, if juvenile hormone signaling influences the pheromone response of Or47b ORNs through Fru M expression, manipulating the former should affect the latter. We therefore measured mRNA levels of Fru M in fly antennae with RT-qPCR. Indeed, knocking down Met expression in Or47b neurons reduced Fru M expression ( Figure 6C ). Our findings support a model in which the two signaling pathways-one communicating housing condition and the other signaling hormonal state-act in concert to regulate the expression of Fru M in Or47b ORNs. Thus, the Fru M locus may function as a genomic coincidence detector that integrates social context with reproductive maturity to adapt Or47b pheromone responses in a sexually dimorphic manner ( Figure 6D ).
DISCUSSION
Modulation of physiology and behavior by population density is a conserved feature across animal species [39, 40] . Here, we find that group housing promotes male courtship in Drosophila. From an evolutionary standpoint, it is beneficial for male flies to elevate their mating drive in an environment of high population density, likely to gain a competitive edge over an increased number of rivals. Conversely, a low population density may signal an environment of scarce reproductive opportunity in which flies may lower their pheromone sensitivity to prioritize other survival behaviors. In addition to its ethological significance, our study also identifies a signaling cue for population density-the levels of a fly pheromone-which by itself recapitulates the effect of group housing on Or47b ORN sensitization.
In Drosophila, neural circuits underlying male courtship behavior are orchestrated by Fru M . Prior efforts have largely been focused on understanding its developmental role in organizing sex-typical behavior [22, 41] . For example, Fru M promotes male fate by inhibiting cell death, altering dendritic arborization and instructing synaptic connectivity [41] [42] [43] . Although Fru M is expressed in the adult brain [21] , its function in mature neurons is largely unknown. In this study, we find that Fru M directly regulates the responses to aphrodisiac pheromones in adult ORNs. Our results suggest that Fru M expression level is regulated by social context, thereby allowing neuronal properties to be fine-tuned in mature neurons. These findings are in agreement with the observation that Fru M regulates the expression of several genes that are known to control neuronal physiology [44] . One potential target of Fru M was uncovered in a recent study where we found that pheromone sensitivity in Or47b ORNs is regulated by the expression of PPK25, a member of the degenerin/epithelial sodium channel family [45] . Taken together, our results highlight a novel function for Fru M in adulthood, which directly impacts social behavior beyond its previously established roles during development.
Our study uncovers an interaction between dCBP and juvenile hormone signaling that underlies the integrative effect of age and social context on courtship behavior. The critical role of dCBP in the adaptive Or47b response suggests an epigenetic mechanism that allows for modulation of pheromone detection by social context. Such neuronal plasticity induced by high population density may enable animals to adapt to environmental changes at a rate faster than that afforded by genetic changes under selection pressure [46] . How might dCBP regulate juvenile hormone signaling? One possibility is that dCBP activation leads to chromatin modification by means of histone acetylation, thereby enhancing the accessibility of enhancers upstream of the fruitless P1 promoter to juvenile hormone receptors. dCBP may also function as a transcriptional co-activator that forms a complex with juvenile hormone receptors to enhance the expression of Fru M in Or47b ORNs. A similar interaction between CBP and juvenile hormone signaling is likely at play in the red flour beetle, where knockdown of CBP reduces expression of several juvenile hormone-responsive genes [47] . In mammals, CBP can enhance the transcriptional activity of sex hormone receptors [48, 49] . Thus, activity-dependent modulation by CBP may represent a conserved mechanism for generating hormone-mediated polyphenism, a phenomenon wherein distinct phenotypes are produced by the same genotype [50] . In the context of hormone signaling, our study suggests a novel means by which social experience impacts reproductive behaviors by modulating the interaction between a hormone receptor and its target genes [51] .
Sex-typical behaviors in mammals are controlled by sex hormones that organize the developing brain and control the activation of the underlying neural circuits in adults, while genetic sex plays a minor role in modulating mammalian reproductive behaviors [52] . In contrast, courtship display in insects like Drosophila was long considered to be determined entirely by genetic sex [52] . However, this view has evolved in light of a growing body of evidence implicating the activational effect of juvenile hormone on insect reproductive behaviors [53] . The molecular pathway described here illustrates how juvenile hormone activates the Or47b olfactory circuit exclusively in males by promoting the expression of Fru M . On the basis of these findings, we propose that genetic sex plays a dominant role in sculpting sex-typical behavior, whereas reproductive hormones modulate the vigor of the behavioral display in Drosophila.
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Detailed methods are provided in the online version of this paper and include the following: 
